C
ancer remains a prevailing problem worldwide, yet many aspects of the process by which cellular identity is changed during tumour development remain unclear. Much attention has been directed towards understanding how altered gene transcription shapes cancer growth. On page 494, Sendoel et al. 1 explore another level of gene regulation, and identify a switch in the translation machinery that has an impact on tumour formation.
Squamous-cell carcinoma is a common form of skin cancer that often involves aberrant activation of the RAS-MAPK signalling pathway and subsequent expression of the gene SOX2 (ref. 2) . To study this disease, Sendoel and colleagues used a mouse model that is prone to tumour development owing to overexpression of Sox2 in the outer layer of skin -the epidermis. The authors focused on skin cells at pre-neoplastic stages, before tumour formation.
To take a snapshot of translation in the mutant epidermis, Sendoel et al. profiled the complete collection of messenger RNA sequences bound by the cells' protein-synthesis machinery (the ribosomes) 3 . They complemented this profiling with an analysis of the overall mRNA levels in the cells, thereby providing insight into the cells' transcriptional state.
The researchers found that differences in transcription and translation between normal and pre-neoplastic skin were not always correlated. Overall, translation seemed to be reduced in pre-neoplastic cells. Nevertheless, the profiling data suggested that some mRNAs were more efficiently translated (had more ribosomes bound per transcript) in preneoplastic than in normal cells. Notably, many of these mRNAs encoded proteins associated with tumour progression.
Further analyses revealed a pre-neoplastic increase in ribosome occupancy of 5ʹ untranslated regions (UTRs), regulatory regions that precede the normal protein-coding sequence of mRNAs. About 50% of 5ʹ UTRs contain sequences that can themselves code for protein, such as upstream open reading frames (uORFs) 4 . Translation of uORFs can result in synthesis of short proteins called peptides, which may have varying stability. Alternatively, initiation of translation within 5ʹ UTRs can lead to generation of extended proteins (Fig. 1) .
Currently, it is not clear how many 5ʹ-UTRencoded products have physiologically relevant functions. However, ribosome engagement with uORFs is known to affect translation of downstream coding sequences. Under conditions of stress, uORFs promote translation of some mRNAs; in non-stressful conditions, they are generally associated with impaired protein synthesis 4 . 1 report a microfluidic device that enables them to programmably prepare and assemble building blocks made from soft materials called hydrogels. Particles in the blocks can also be arranged into specific patterns. For example, this 3 × 3 tiled architecture consists of nine hydrogel blocks. Different internal morphologies are visible. b, The authors used their device to prepare patterns of living cells in hydrogels -here, the cells form an arrangement that mimics those of lobule structures in the liver. Scale bars, 200 μm. morphology, and might be an effective tool for rapidly building physiologically relevant tissue constructs.
Future work could make this technology even more useful by improving the resolution of the particle positioning, extending the process from two to three dimensions, scaling it up from the micrometre to the centimetre scale and finding ways to organize different types of cell in a single droplet. Because the assembly process is highly controllable, it could also become a powerful technology for 3D bioprinting and additive manufacturing -the industrial version of 3D printing. ■ 
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Unconventional translation in cancer
Translation of RNA into proteins is a fundamental process for all cells. Analysis of a mouse model of skin cancer uncovers an atypical RNA-translation program that has a vital role in tumour formation. See Article p.494
The pattern of ribosome occupancies observed by Sendoel et al. suggests that many uORFs are translated in the pre-neoplastic epidermis, often from initiation sites that have an unconventional genetic code. Notably, many cancer-related mRNAs show a skewed distribution of ribosomes, with a higher proportion binding to the 5ʹ UTR in the pre-neoplastic cells than in normal cells. This enhanced use of upstream translation-initiation sites is frequently observed for mRNAs that have high translation efficiency, implying that the two phenomena are mechanistically linked.
In search of the mechanism underlying these changes in translation, Sendoel and colleagues inhibited the expression of genes that encode translational regulators in the skin of mouse embryos and identified those required for cell growth. They found that depletion of the eIF2 protein complex -a central factor for translation initiation in normal cells -had less effect on proliferation in the pre-neoplastic epidermis than in normal tissue. Growth in pre-neoplastic tissue seems to rely instead on the alternative initiation factor eIF2A (Fig. 1) . This protein has been linked to uORF translation and use of unconventional start sites [5] [6] [7] .
To confirm the relevance of eIF2A to tumour development, the authors turned to transplant experiments. They deleted the Eif2a gene in skin cells that harboured cancercausing mutations in the genes encoding the H-Ras and Tgfbr2 proteins, and engrafted these cells into mice. This revealed that eIF2A is required for tumour growth in vivo.
Next, the researchers demonstrated that loss of Eif2a reduces ribosome binding to 5ʹ UTRs in skin-cancer cells. Finally, they provided evidence that eIF2A-directed use of 5ʹ UTR initiation sites is linked to the efficient translation of a subset of cancer-associated mRNAs under conditions of both stress in vitro and tumour formation in vivo.
Several stress pathways are known to lead to phosphorylation and inactivation of the eIF2 complex 4, 8 , and eIF2 inactivation has been linked to cancer development 8 . After incorporating Sendoel and co-workers' data, a model emerges in which, when eIF2 is inactivated, eIF2A redirects translation through 5ʹ UTRs to cancer-relevant mRNAs to fuel tumour growth. Strikingly, the authors reported that mutating the uORF of the gene Ctnnb1, which is required for skin-cancer development, also impaired tumour development. Their results therefore provide strong evidence that a switch to eIF2A-dependent translation and use of upstream initiation sites can be early and important events in tumour formation.
The current study extends the body of evidence 8, 9 that supports translational re wiring as a central player in cancer development. The atypical translation mechanism has the potential to shape the cancer proteome (the complete collection of proteins in a cancer cell) and hence affect tumour development in many ways.
Protein levels cannot be inferred solely through ribosome profiling, which allows predictions about protein synthesis but not about post-translational protein regulation 10 . To address this, Sendoel et al. confirm some of their findings by mass spectrometry. In the future, however, it will be valuable to analyse in more detail how the translational switch they have discovered affects both protein abundance and peptide diversity.
A central question raised by the study is whether the dependency of pre-neoplastic cells on eIF2A is solely due to altered translation of typical protein-coding sequences or whether the 5ʹ UTR translation events generate products that are involved in tumour formation. Interestingly, these translation products might be involved in immune responses 7 and could potentially be targets for cancer immunotherapy strategies.
Many mechanistic aspects of eIF2A function await further exploration. Particularly, it will be of interest to delineate the basis on which specific RNA sequences are selected for eIF2A-mediated translation. It also remains to be established whether eIF2A dependency and translation initiation in 5ʹ UTRs are features of tumour development across multiple tissues, or whether they are dictated by specific mutations or cellular contexts.
Sendoel et al. describe recurrent amplifications of EIF2A in human squamous-cell carcinomas, and find a correlation between high EIF2A mRNA levels and poor prognosis. It was recently reported 11 Many of these 5ʹ UTRs (including those found in certain mRNAs associated with cancer) also contain sequences with coding potential (yellow). Under normal conditions, the eIF2 protein complex and associated factors, in combination with a subunit of the cell's translational machinery (the ribosome), control translation initiation from the beginning of the main coding sequence. Ribosomes then direct protein synthesis. b, During cancer development, eIF2 can be inactivated by phosphorylation (P), leading to an overall decline in translation. Sendoel et al. 1 report that, in a mouse model of squamous-cell carcinoma, the alternative initiation factor eIF2A then promotes translation of a subset of cancer-associated mRNAs from initiation sites in 5ʹ UTRs. This can lead to the synthesis of small proteins (peptides) or extended proteins in addition to the main protein product. This translational switch is an early and essential event during tumour formation in this mouse model of skin cancer.
